INTRODUCTION
Renewed investigations into the modes of estrogen action have emerged in order to improve the efficacy of selective estrogen receptor modulators (SERMs), a structurally diverse group of drugs, natural products, industrial chemicals and environmental contaminants which elicit tissue specific agonist and antagonist responses. Concerns regarding the potential adverse health effects have also resulted in a comprehensive screening program to assess commerce chemicals and environmental contaminants for their potential to inappropriately activate or antagonize normal ER function (31, 49) . SERMs typically induce a subset of responsive genes but produce little to no uterotrophic response, while others elicit a strong uterotrophic response but fail to induce the full gene expression spectrum in target tissues (13, 60, 70) . This variability warrants further investigation into the tissue-specific transcriptional program of SERMs in relation to their cellular and physiological endpoints in order to assess the potential adverse effects of exogenous estrogenic compounds and to further elucidate the mechanisms involved in SERM activities. In this study the rodent uterine response to ethynyl estradiol (EE), a prototypic oral estrogen, is assessed to identify conserved responses and targets of estrogen signaling for further studies of estrogenic compounds.
The rodent uterotrophic assay is the "gold standard" in vivo assay for assessing estrogenicity (14, 29, 48) . While it provides a robust physiological endpoint, it lacks utility in further elucidating the mode of action of diverse estrogenic compounds. Estrogens primarily exert their effects via binding and activation of estrogen receptors (ERs), which function as ligand-dependant transcription factors. Activated ER complexes recruit coactivators or corepressors to chromatin leading to the transcriptional modulation of responsive genes (30) .
Studies have demonstrated that transcriptional responses can vary depending upon the ligand structure which confers differential receptor complex conformations and transactivation activities (23, 45) .
The enhanced uterotrophic assay (14, 15) , incorporates histological and transcriptional evaluations to complement the uterotrophic endpoint. The current study extends this approach by comparatively examining global gene expression, histological and morphological responses in Sprague Dawley rats and C57BL/6 mice in comprehensive time course studies to identify the conserved transcriptional targets critical to the observed molecular and physiological responses to EE. Temporally conserved and divergent transcriptional responses that are phenotypically anchored to histological and morphometric endpoints were identified providing new insights into the conserved modes of action involved in rodent uterine hypertrophy and hyperplasia.
MATERIALS AND METHODS
Husbandry -Female Sprague-Dawley rats and C57BL/6 mice, ovariectomized on PND 20 and all within 10% of the average body weight were obtained from Charles River Laboratories (Raleigh, NC) on PND 25. Animals were housed in polycarbonate cages containing cellulose fiber chip bedding (Aspen Chip Laboratory Bedding, Northeastern Products, Warrensberg, NY) and maintained at 40-60% humidity and 23˚C on a 12hr dark/light cycle (7am-7pm). Animals were fed de-ionized water and Harlan Teklad 22/5 Rodent Diet 8640 ad libitum (Madison, WI), and acclimatized for 4 days prior to treatment. Immature, ovariectomized rodent uteri were examined since they are more sensitive to estrogen exposure when compared to the adult ovariectomized animals (51) .
Treatments -Animals were treated once or once daily for three days via oral gavage with 100 µg/kg b.w. 17α-ethynylestradiol (EE) in 0.1 mL of sesame oil vehicle (Sigma Chemical, St Louis, MO) ( Figure 1 ). This dose was empirically derived as it elicits a maximal uterotrophic response through the oral route while showing no acute toxic effects. Animals (n=5) receiving a single dose of vehicle or EE were sacrificed 2, 4, 8, 12, 18, or 24 hrs after treatment. Animals receiving one daily dose on three consecutive days were sacrificed 72 hrs after initial dosing, as per the uterotrophic assay. Doses of EE were calculated based on average weights of the animals prior to dosing. Independent histopathology studies using the same study design (n=4) were identically performed for each species, with the exception that animals received an intraperitoneal (i.p.) injection of 50 mg/kg b.w. 5-bromo-2-deoxyuridine (BrdU) (Sigma) 2 hrs prior to sacrifice. All procedures were performed with the approval of the Michigan State University All-University Committee on Animal Use and Care.
Necropsy -Animals were sacrificed by cervical dislocation and animal body weights were recorded. The uterine body was dissected at the border of the cervix and whole uteri were harvested and stripped of extraneous connective tissue and fat. Whole uterine weights were recorded before (wet) and after (blotted) being blotted under pressure with absorbent tissue and were subsequently snap-frozen in liquid nitrogen and stored at -80˚C. Weight due to water was calculated as the difference between the wet and blotted weights. Necropsy for the histopathology study was performed identically to the gene expression time course study with the exception that tissues were not blotted and were placed in tubes containing 1 mL of 10% neutral buffered formalin (NBF) (VWR, West Chester, PA) and stored at room temperature for at least 24 hrs prior to further processing. Statistical analysis of wet weight and water content were conducted using a two-way ANOVA with a Tukey's Honestly Significant Difference (HSD) post hoc test, n=5, p<0.05 (SAS 9.1, Cary, NC).
RNA Isolation -Total RNA was isolated from whole uteri using Trizol Reagent (Invitrogen, Carlsbad, CA) as per manufacturer's protocol. Uteri were removed from -80˚C storage and immediately homogenized in 1 mL Trizol Reagent using a Mixer Mill 300 tissue homogenizer (Retsch, Germany). Total RNA was resuspended in The RNA Storage Solution (Ambion, Austin, TX). RNA concentrations were calculated by spectrophotometric methods (A 260 ) and purity assessed by the A 260 :A 280 ratio and by visual inspection of 1 µg on a denaturing gel.
Histological Processing -Uteri fixed for 24 hrs in NBF were dissected and 6-8 mm mid-horn sections were embedded in paraffin according to standard histological techniques. Five µm cross-sections containing both uterine horns were cut and mounted on glass slides and stained with hematoxylin and eosin. Additionally, a serial section was cut, mounted and stained with anti-BrdU antibody (BD Biosciences, Palo Alto, CA; Vector Substrate Kit 1 (Vector Red) Vector Laboratories; Burlingame, CA) and counterstained with hematoxylin. All embedding, mounting and staining of tissues were performed at the Histology/Immunohistochemistry Laboratory, Michigan State University (http://humanpathology.msu.edu/histology/index.html).
Histopathological and Morphometric Assessment -Histological slides were evaluated according to standardized National Toxicology Program (NTP) pathology codes. Morphometric analyses were performed on mid-horn cross sections of both uterine horns for each animal using image analysis software (Scion Image, Scioncorp, Frederick, Maryland) and standard morphometric techniques. Briefly, the length of basal lamina underlying the luminal epithelium (LE) and corresponding areas of LE, stroma and myometrium were quantified for multiple representative sectors of each section. Total luminal and glandular circumference were also quantified. AntiBrdU labeling indices were quantified for LE cell height and stromal compartments on a per-cell, per-area (mm 2 ) basis, respectively. Morphometric analyses for the mouse were limited to LE cell height, stromal thickness and LE BrdU labeling indices as these parameters capture the most sensitive histological endpoints in the uterotrophic assay. Statistical analyses on all morphometry data were performed using a two-way ANOVA with a Tukey's HSD post hoc test, n=4, p < 0.05 (SAS 9.1). Array Data Normalization and Statistical Analysis -Data were normalized using a semiparametric approach (17) . Model-based t-values were calculated from normalized data, comparing treated from vehicle responses per time-point. Empirical Bayes analysis was used to calculate posterior probabilities of activity (P1(t)-value) on a per gene and time-point basis using the model-based t-value (16) . Gene lists were filtered for activity based on the P1(t)-value which indicates increasing activity as the value approaches 1.0. A conservative P1(t) cutoff of 0.999999 was used to filter the expression data and to define active gene lists for both the rat and mouse data sets. All arrays in both studies were subjected to quality control assessment to ensure assay performance and data consistency through the study (14) , and stored within dbZach A full listing of all abbreviated genes with their full names and Locus link identifiers can be found in Supplemental Tables 2 and 3 . Expression data meeting the initial P1(t) cutoff were grouped using a k-means cluster algorithm in GeneSpring 7.1 (Silicon Genetics, Redwood City, CA).
RESULTS
As previous gene expression studies (19, 39, 65, 66) have focused on murine responses to estrogen, the focus for this study was placed on the rat. A comparable uterotrophic response was observed in the mouse with a 7-fold induction in uterine wet weight. However, the water imbibition response was masked or temporally shifted as increases in weight due to water was not significantly different in EE treated tissues until 12 hrs ( Figure 2 ). Increased water evaporation from mouse uteri during tissue harvest under the dissection microscope may have contributed to this result due to their small size relative to the rat uterus.
Uterine Wet Weights and Water Content -
Histopathology -Several histological parameters were modulated by EE at multiple time points ( Figure 3 ) in both species. Indications of stromal edema (4-18 hrs) and eosinophil infiltration (8, 12 , 24, 72 hrs) were evident in both species consistent with previous reports linking eosinophilia with edema 6 hrs after treatment in the rat uterus (24, 37, 58) . Evidence of both luminal epithelial (LE) cell hypertrophy (increases in cell height) at 24 and 72 hrs and stromal and LE cell hyperplasia (numbers of mitotic bodies) at 18 and 24 hrs in EE treated slides indicate diverse and large scale cell type-specific proliferation which culminate in the uterotrophic response at 72 hrs.
The marked presence of apoptotic bodies were also observed in stromal, glandular epithelial (GE) cell and LE cell compartments (72 hrs) consistent with the marked decrease in uterine weights in rats after 72 hrs (data not shown). The mouse and rat exhibited similar uterine histology and temporal severity with the exception that endometrial invaginations or ruffling were more pronounced in the mouse at the 72 hr time point as compared to the rat.
Morphometry -Luminal epithelial cell height (LECH) is a classical marker of estrogen exposure (46, 47) and has been used to demonstrate the estrogenicity of a number of structurally diverse ligands (42, 44, 46, 47) . LECH was significantly induced at 24 and 72 hrs in both rat (1.6 and 2.7-fold) and mouse (1.4 and 2.1-fold) EE treated samples (Figure 4a ). Stromal and myometrial thickening are necessary structural modifications and may prove to be equally informative and indicative of estrogen exposure (46) . The response of the stromal compartment ( Figure 4b) showed moderate increases in overall thickness at early and late time points compared to VCs.
Changes in total luminal circumference (data not shown) loosely paralleled wet weight and LECH changes. In contrast, changes in total glandular circumference (data not shown) were not observed until 72. Glandular epithelia are responsible for secretions produced and deposited into the lumen during normal uterine cycling, thus preparing the uterus for pregnancy after implantation (6, 56) . Table 1) . hrs indicating a high proportion of conserved gene expression changes, and suggesting that the mechanisms of regulation are conserved. A number of these genes have been previously reported in microarray studies (5, 19, 21, 26, 27, 39, 41, 52, 53, 66, 68) to be responsive to estrogen treatment in the rodent uterus (Table 2) .
Comparison of EE Elicited Rat and Mouse Uterine Responses
cDNA probe sequences for the 54 orthologs not positively correlated were subsequently compared to determine if they queried comparable regions of the gene using Bl2Seq analysis.
Sequence alignments with E-score of 10 -30 were considered to be overlapping probe sets. Thirty of the 58 not positively correlated ortholog pairs were found to have overlapping sequences indicating that the same region of the gene was queried by microarray analysis, and therefore differentially regulated.
DISCUSSION
The enhanced rodent uterotrophic assay was performed using EE as a prototypic estrogen in order to identify and phenotypically anchor conserved gene expression profiles important for Previous rat uterine gene expression studies have reported similar gene expression profiles in response to estrogen (13, 41) . However, the study designs used limit the interpretation of the functional significance of the coordinated responses. For example, Naciff, et al. (41) utilized pooled uterine and ovarian tissues from rats treated subcutaneously with EE for dosedependent gene expression studies which confound the elucidation of tissue-specific responses due to the differential distributions of ERα and ERβ (63, 64) in the uterus and ovaries. Moreover, an important consideration in modeling estrogenicity is the fact that the primary route of exposure to diverse estrogenic compounds in human populations is oral. Diel, et al. (14) supplemented the uterotrophic assay by evaluating the expression of a select number of known estrogen responsive genes at 72 hrs in conjunction with standard gravimetric and histological evaluations (14) . However, using a small number of transcriptional markers to determine estrogenicity limits the ability to phenotypically anchor gene expression changes (50) . Global assessments facilitate a more comprehensive determination of transcriptional targets in the physiological context as well as identifying mechanistically-based biomarkers. Nevertheless, there is good agreement between these studies which currently can only be appreciated on a qualitative basis due to the limited reporting of the data required to fully correlate their expression profiles.
EE induction of uterine wet weight is a well conserved phenotypic response. The strong conservation of this response is due to the exemplary manner in which the immature, ovariectomized rodent uterotrophic assay exhibits synchronized cell cycle progression and subsequent proliferation in response to novel estrogen exposure (9) . The wave of uterine cell growth in response to estrogen administration has been previously characterized at the gene expression level in mice (19, 39) while responses in the rat and comparative rodent studies have not been reported. In this study, rat and mouse data sets were normalized and statistically analyzed, utilizing identical array platforms to facilitate comparisons. Orthologous gene pairs exhibiting a positive correlation were assigned to functional gene categories (Table 2) Increased energy demands were reflected in both species by the induction of genes involved in mitochondrial (Cycs, Atp5g1, Ckmt1, Slc25a4, Slc25a5) as well as cytosolic (Ckb, G6pd Pgk1) energy production and homeostasis. Slc25a5, an ADP/ATP translocase, catalyzes the exchange of cytosolic ADP for mitochondrial ATP and has been implicated as a marker of cell growth and proliferation due to its key role in regulating cytosolic energy needs (4). G6pd on the other hand functions mainly in generating the other energy currency of the cell, NADPH, which is used in many cell processes including fatty acid and cholesterol biosynthesis via the pentose phosphate pathway (59) . Several genes involved in the biosynthesis or transport of membrane precursors were also regulated by EE including Acadm, Apoc1, Lpl, Sqle, and Sc4mol. Acadm and Lpl, enzymes in the fatty acid β-oxidation pathway, were down regulated.
In contrast, Sc4mol which catalyzes the final C-4 methyloxidation step in cholesterol formation (20) , was up regulated, consistent with the need for building blocks for new membranes demanded by rapid cell division (55) .
Despite the overlaps in gene expression profiles, several divergent patterns were identified. Apoe, a known regulator of lipid transport and uptake in the liver, was induced in the rat while repressed in the mouse at intermediate time points. Carbonic anhydrase 2, which catalyzes the reversible hydration of carbon dioxide to carbonate, has recently been shown to be crucial for adenogenesis (gland development) in the uterus (28) . The fact that Ca2 expression was repressed in rat while induced in the mouse could explain increased glandular invaginations observed in mouse but not rat at 72 hrs. Cdc37, a regulator of Hsp90 phosphorylation, as well as Cstb, Cugbp2, Dlat, Smarcd2, and Tcn2 were also differentially regulated at overlapping time points. Bl2Seq sequence comparisons of these differentially regulated orthologous pairs indicated that several of these cDNA probes overlapped comparable transcript regions (Table 3) .
Therefore, their differential expression can not solely be attributed to probes querying different transcript regions. Consequently, EE regulation of these gene expression responses are not conserved suggesting that their role is not critical for the uterotrophic response.
This comparative study has comprehensively assessed the physiological, morphological and transcriptional programs elicited by EE in the rat and mouse uterus using comparable study designs, assay platforms and analysis methods. 153 reciprocally active and positively correlated gene expression profiles were identified, suggesting theses are important responses that share a conserved mode of action. Moreover, comparable temporal expression patterns provide further evidence that orthologous genes are functionally related, supporting the transfer of mouse functional annotation to unknown rat ESTs with tentative annotation. For example, of the 153 reciprocally active and positively correlated gene expression profiles, 36 rat sequences had no official name but a gene symbol, 1 had a name but no symbol, and 7 had neither a name or symbol. Many of these tentative assignments were based only on sequence homology, but the co-expression data described here provides empirical support that the genes are orthologous and functionally related. Comparable approaches have recently been used to identify functionally related genes across more divergent species (e.g. extrapolations between human, worm, fly and yeast (57, 72) ; extrapolating bacteria, yeast, and fly annotation to the worm (57, 72) ). Additional analyses including dose response studies, promoter response element comparisons, and cell-type specific assessments will not only further elucidate the importance of these conserved and divergent EE-induced uterine proliferation responses, but will also provide additional evidence regarding the conservation of estrogen response between rodent and human orthologous gene pairs.
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